The human genome codes for 13 members of a family of filamentforming GTP-binding proteins known as septins. These have been divided into four different subgroups on the basis of sequence similarity. The differences between the subgroups are believed to control their correct assembly into heterofilaments which have specific roles in membrane remodelling events. Many different combinations of the 13 proteins are theoretically possible and it is therefore important to understand the structural basis of specific filament assembly. However, three-dimensional structures are currently available for only three of the four subgroups. In the present study we describe the crystal structure of a construct of human SEPT3 which belongs to the outstanding subgroup. This construct (SEPT3-GC), which includes the GTP-binding and C-terminal domains, purifies as a nucleotide-free monomer, allowing for its characterization in terms of GTP-binding and hydrolysis. In the crystal structure, SEPT3-GC forms foreshortened filaments which employ the same NC and G interfaces observed in the heterotrimeric complex of human septins 2, 6 and 7, reinforcing the notion of 'promiscuous' interactions described previously. In the present study we describe these two interfaces and relate the structure to its tendency to form monomers and its efficiency in the hydrolysis of GTP. The relevance of these results is emphasized by the fact that septins from the SEPT3 subgroup may be important determinants of polymerization by occupying the terminal position in octameric units which themselves form the building blocks of at least some heterofilaments.
INTRODUCTION
Septins are guanine-nucleotide-binding proteins that were initially recognized as essential for the completion of the cell cycle in Saccharomyces cerevisae [1] . Over the course of the following 40 years they were identified in a wide variety of eukaryotes as members of a multi-gene family [2] . Besides their key role in cytokinesis, septins have been implicated in several other fundamental cellular processes, such as the regulation of microtubule dynamics, membrane trafficking, DNA repair, neurotransmitter release and to act as barriers impairing the lateral diffusion of proteins within membranes [3] [4] [5] [6] [7] [8] [9] [10] . Most, if not all, of these functions depend on the ability of septins to polymerize into filaments and associate with membranes. Given their role in important cellular events it is perhaps not surprisingly that abnormal septin function has been associated in a variety of different ways with several human diseases, including malignancies and neurological disorders [11] [12] [13] [14] [15] .
Structurally, all septins have a GTP-binding domain flanked by N-and C-terminal regions of variable length. Many also have a short polybasic motif immediately prior to the GTP-binding domain, which has been shown to associate with membrane phospholipids [16, 17] . The GTP-binding domain is the most highly conserved and is characterized by the presence of three of the five classical GTP-binding motifs [18, 19] . The G1 motif (or Walker A box) forms the P-loop, which interacts directly with the nucleotide, whereas the G3 and G4 motifs are respectively essential for Mg 2 + binding and for conferring GTP binding specificity over other nucleotides. The variations in the enzymatic activity of septins, as well as the relevance of nucleotide binding and hydrolysis to their cellular functions, are still not fully understood. Roles have been proposed for nucleotide binding in the regulation of polymerization and differences between the GDP-and GTP-bound states of human septin 2 seem to support this general hypothesis [20] . Furthermore, in yeast the binding of GTP has been shown to be necessary for the assembly of septin complexes and the formation of the septin ring [21] .
To date, 13 human septin genes have been described, coding for the protein products SEPT1-SEPT12 and SEPT14 [22] . However, many splice variants and post-translational modifications have been described, which leads to a significant increase in the overall diversity within the family at the protein level [23] . On the basis of sequence similarity these 13 septins can be classified into four different subgroups for which several alternative nomenclatures exist [2, [24] [25] [26] . In the present study we will refer to them as the SEPT2, SEPT3, SEPT6 and SEPT7 subgroups, using a well-known member of each as a representative [24] . Although the GTP-binding domain is well conserved across subgroups, the most striking characteristic which separates one from another is the C-terminal domain. In the SEPT6 and SEPT7 subgroups this includes a relatively long coiled-coil sequence probably containing stutters and stammers [27] . In contrast, the SEPT2 subgroup has a shorter C-terminal domain encoding a correspondingly shorter coiled-coil. On the other hand, the SEPT3-like septins are characterized by having no coiled-coil domain at all. It has been suggested that the C-terminal domain may be involved in protein-protein interactions and in controlling filament formation [28] [29] [30] .
Physiologically, septin filaments are believed to be heteropolymers in which the number of different septins involved may vary from species to species (for a review see [31] ). The best characterized human septin complex is formed by SEPT2, SEPT6 and SEPT7, which are arranged into a SEPT7-SEPT6-SEPT2-SEPT2-SEPT6-SEPT7 hexameric unit which subsequently polymerizes via interaction between terminal SEPT7 protomers. SEPT7 and SEPT2 are bound to GDP, whereas SEPT6 is bound to GTP, suggesting that the nature of the bound nucleotide may also be pertinent to heterofilament formation [32] . The complex contains one representative from each of the three of the four different subgroups described above and it is widely accepted that septins from within a given subgroup are able to substitute for one another at the appropriate position along the filament, resulting in alternative viable combinations [24] . However, this hypothesis raises the intriguing question of where the SEPT3-like septins (which form the outstanding fourth subgroup) fit into the overall picture.
Previously, several lines of evidence have indicated that septins from this group may in fact be the terminal protomers of octameric units similar to those seen in yeast [33] . In this case polymerization would be mediated by homotypic SEPT3 interactions at the socalled NC interface. Support for this proposal comes from several lines of evidence including in vivo and in vitro studies as well as yeast two-hybrid experiments [34] [35] [36] [37] .
SEPT3 itself is the only septin to be expressed almost exclusively in brain tissue, and is enriched in nerve terminals [15, 38] . This limited expression profile suggests it is unlikely to play a role in cell division, but rather is associated with synaptic vesicle function. Analysis of polymorphisms has linked SEPT3 to Alzheimer's disease, and proteomic data has shown increased expression in several brain tumours [12, 39] . SEPT3 is phosphorylated by PKG (cGMP-dependent protein kinase)-1 in vitro and this may control its subcellular localization, since non-phosphorylated SEPT3 localizes to the peripheral membrane, whereas the phosphorylated form is found in the cytosol [40] . Similar to its homologues, SEPT3 is thought to interact with other septins to form complexes, and recently mouse and rat SEPT3 have been shown to form complexes with SEPT5 and SEPT7 [41, 42] . However, the exact composition of this complex has recently been called into doubt since it seems likely that SEPT6 may also be an integral component of the complex, resulting in an octameric unit similar to that mentioned above [35] .
From the above it is clear that there is a need for further characterization of individual septins and their heterocomplexes. Particularly lacking is structural information for members of the SEPT3 subgroup, for which no crystal structure has been reported to date. In the present study we describe the first such study together with complementary biophysical studies of the GTP-binding domain of human septin 3, which was shown to be monomeric and nucleotide-free in solution, allowing us to determine its affinity for guanine nucleotides and to evaluate its ability to hydrolyse GTP. This is a timely study given the renewed interest in the SEPT3 subgroup members, particularly SEPT9, due to their potential role in capping the ends of hexameric complexes in order to form octameric units. These may represent, at least in some cases, the true building blocks of human septin filaments.
MATERIALS AND METHODS

Reactants
The bacterial expression vector pET28a( + ) was obtained from Novagen. Restriction endonucleases, T4 DNA ligase, Taq polymerase, GDP and GTP were purchased from Invitrogen. The Superdex 200 10/300 GL column and Ni-NTA (Ni 2 + -nitrilotriacetate) super flow resin were obtained from GE Healthcare and Qiagen respectively. GTP[S] (guanosine 5 -[γ -thio]triphosphate) and all other chemicals used were purchased from Sigma. Unless otherwise stated all SEPT3-GC measurements were performed using standard buffer [25 mM Tris, 300 mM NaCl, 5 mM MgCl 2 , 5 mM 2-mercaptoethanol and 5 % (v/v) glycerol, pH 7.8].
Plasmid construction
The DNA encoding the SEPT3 GTPase and C-terminal domains (residues 59-350, named SEPT3-GC) was amplified by PCR on the basis of the SEPT3 sequence (NCBI accession number NM_019106.5). A human fetal brain cDNA library (Gibco BRL) was used as the DNA template. The amplified product was cloned into a pET28a( + ) expression vector. The new construct, named pSEPT3-GC, was used to transform Escherichia coli Rosetta (Novagen) as expression host. Five plasmids, each encoding SEPT3-GC bearing one of the following point mutations T282Y, H317E, R162E, S179D and T181D, were purchased from Mutagenex.
Protein expression and purification
A 5 ml aliquot of an overnight culture of E. coli Rosetta (DE3) cells harbouring pSEPT3-GC was transferred to 500 ml of Luria-Bertani broth containing kanamycin (50 μg/ml) and chloramphenicol (34 μg/ml). The cells were grown under agitation at 37
• C until an D 600 of 0.8 was attained. The recombinant overexpression of SEPT3-GC was induced for 16 h at 18
• C by the addition of IPTG (isopropyl β-Dthiogalactopyranoside) to a final concentration of 0.2 mM. The cells were centrifuged at 6000 g for 20 min at 4
• C, suspended in suspension buffer [25 mM Tris/HCl, pH 7.8, containing 800 mM NaCl, 5 mM MgCl 2 , 5 mM 2-mercaptoethanol and 5 % (v/v) glycerol] and lysed by sonication (15 pulses of 25 s each in an ice bath, using a 500 Sonic Dismembrator, Fisher Scientific). After removing the cell debris by centrifugation at 17 000 g for 30 min at 4
• C, the supernatant was loaded on to a 2 ml Ni-NTA superflow column pre-equilibrated with suspension buffer. The column was washed with suspension buffer supplemented with 12 mM imidazole and 0.2 % Tween 20, followed by a second wash with the same buffer without Tween 20. Finally the column was washed with standard buffer supplemented with 12 mM imidazole. The protein was subsequently eluted in standard buffer containing 500 mM imidazole and loaded on to a Superdex 200 10/300 GL column driven by anÄKTA purifier (GE Healthcare), from which it was eluted in standard buffer. SEPT3-GC purity and integrity was confirmed by SDS/PAGE (15 % gels) and native gel electrophoresis.
Oligomerization state
Aliquots of SEPT3-GC (20 μM) in standard buffer in the presence of 50 or 300 mM NaCl were incubated with 200 μM GTP[S] and 5 mM MgCl 2 for 3 h at 20
• C and analysed by gel filtration on a Superdex 200 10/300 GL column and monitored at 280 nm.
ITC (isothermal titration calorimetry)
SEPT3-GC nucleotide binding affinity was determined at 20
• C using a VP-ITC calorimeter (MicroCal). Measurements were performed in standard buffer in the presence or absence of 5 mM MgCl 2 . The experiments were performed with SEPT3-GC (25 μM) in the sample cell, and the guanine nucleotide (500 μM) was titrated in a series of 35 injections (a preliminary injection of 1 μl followed by 34 injections of 5 μl each) to achieve a complete binding isotherm. The heat of dilution was measured by injecting the ligand into the same assay buffer and the values obtained were subtracted from the heat of the reaction to obtain the heat of binding. Data were analysed using the software supplied by the manufacturer, MicroCal Origin (version 7, OriginLab). Curve fitting was performed assuming a one binding site model and all ITC experiments were repeated at least twice.
For ITC experiments carried out in the absence of Mg 2 + ions, the buffer used in the SEPT3-GC purification did not contain MgCl 2 . Furthermore, 0.2 % EDTA was added to the protein eluted from the Ni-NTA superflow column prior to the SEC (sizeexclusion chromatography) step.
GTP hydrolysis assay
The hydrolytic activity test was conducted with 5 μM SEPT3-GC in standard buffer incubated with 15 μM GTP for 1 h at 20
• C. Aliquots were removed at 5 min intervals and frozen in liquid nitrogen to stop the reaction. Nucleotide samples were prepared by the method described by Seckler et al. [43] with minor modifications. Samples were thawed, and the protein was denatured by the addition of ice-cold HClO 4 to a final concentration of 0.5 M followed by incubation on ice for 10 min. After centrifugation at 16 000 g for 10 min at 4
• C, 100 μl of a 1 M solution of K 2 HPO 4 and 100 μl of a 3 M solution of KOH were added to 600 μl of the supernatant, followed by the addition of 80 μl of a stock solution of acetic acid to a final concentration of 0.5 M. The solution was frozen for at least 1 h at − 20
• C prior to HPLC analysis. The samples were thawed and centrifuged at 16 000 g for 10 min at 4
• C, and the nucleotides were separated by anion-exchange chromatography on a Protein Pack DEAE 5 PW 7.5 mm×7.5 cm column (Waters) loaded with 200 μl samples. All experiments were carried out on a Waters 2695 chromatography system. The column was equilibrated in 25 mM Tris, pH 7.8, and elution was performed using a linear NaCl gradient (0.1-0.45 M in 10 min) at a 1 ml/min flow rate at room temperature (25 • C). The absorbance was monitored at 253 nm. A mixture of 15 μM GDP and 15 μM GTP in the same sample buffer after treatment with HClO 4 was used to determine the retention time of the nucleotides.
Crystallization assays
After elution from the Ni-NTA column, the fusion protein was cleaved overnight at 4
• C by the addition of thrombin (1 unit per 150 μg of protein). Subsequently, the solution was loaded on to a benzamidine sepharose column to remove the protease. The final step in the purification was SEC in 25 mM Tris/HCl, 400 mM NaCl, 5 mM MgCl 2 , 5 mM 2-mercaptoethanol and 7 % (v/v) glycerol, pH 7.8. Crystals of SEPT3-GC were obtained by the hanging-drop vapour diffusion method. Drops of 1.5 μl of sample (2.5 mg of protein/ml in the presence of 1 mM GDP) were mixed with 1.5 μl of the reservoir solution (200 mM magnesium formate, 100 mM Bis-Tris pH 6.2, 18 % polyethylene glycol 3350 and 5 % ethylene glycol) at 18
• C. After 20 h, the crystals were briefly transferred to the cryoprotective solution (0.2 M magnesium formate, 0.1 M Bis-Tris pH 6.2, 18 % polyethylene glycol 3350 and 20 % ethylene glycol) and then flash frozen in liquid nitrogen.
Data collection, processing, structure solution and refinement X-ray diffraction data were collected at 100 K on beamline ID29 of the ESRF (European Synchrotron Radiation Facility) using an X-ray wavelength of 0.9762 Å (1 Å = 0.1 nm) employing a PILATUS 6M detector [44] . The data were collected in shutterless mode using fine slicing and the oscillation (ϕ = 0.2 o ) was set to half the mosaicity predicted by the program Mosflm [45] . The exposure time per frame was 0.2 s and 800 images were collected up to 2.88 Å resolution. The data were processed using the XDS package [46] and the structure was solved by molecular replacement with Phaser [47] using the structure of septin 2 bound to GDP (PDB code 2QNR) as the search model after modification by Chainsaw [48] . The structure was refined using Phenix [49] and Coot [50] for model building into σ a -weighted 2F o − F c and F o − F c electron density maps. The GDP molecules were automatically placed using the Find Ligand routine of Coot, and the water molecules were identified and positioned using a combination of COOT and Phenix. Both R and R free were monitored in order to evaluate the validity of the refinement protocol and the stereochemistry of the model was assessed using Procheck [51] and Molprobity [52] . The coordinates and structure factors have been deposited in the PDB under the code 3SOP.
SAXS (small-angle X-ray scattering) data collection and processing
SAXS data were collected on the D11A-SAXS beamline [53] at the Brazilian Synchrotron Light Laboratory electron storage ring. The forward scattering from the samples studied were recorded on a MAR145 image plate detector (Marresearch), using 1.1488 Å radiation and a sample-detector distance of 1290.98 mm. SEPT3-GC samples in concentrations up to 6 mg/ml in buffer containing 25 mM Tris, 800 mM NaCl, 5 mM MgCl 2 , 5 mM 2-mercaptoethanol and 5 % (v/v) glycerol, pH 7.8, were measured at 277 K. The sample and buffer scattering image intensities were normalized to the intensity of the incident beam for fluctuation correction, following angular integration with the FIT2D program [54] . The scattering data were processed and normalized against the forward scattering intensity. The distance distribution functions between electron density pairs [P(r)] were generated by the indirect Fourier transform of the scattering curves with the GNOM program [55, 56] . Low resolution shape restorations were performed from solution scattering data using the simulated annealing protocol implemented in the program DAMMIF [57] . The SEPT3-GC molecular mass estimation was performed using the SAXSMOW program [58] .
RESULTS
Apo SEPT3-GC is a monomer
Heterologous expression and purification experiments started with full-length SEPT3, whose SEC and native gel electrophoresis profiles were typical of samples containing various oligomeric states (results not shown). On the basis of these data, and the difficulties described in the literature in obtaining stable recombinant full-length septins [20, 59, 60] , we proceeded to produce a truncated version of SEPT3 lacking the N-terminal domain. This is defined by residues 59-350 and termed SEPT3-GC. The molecular mass of SEPT3-GC in solution determined by two distinct methods is compatible with the mass calculated from its sequence (36 kDa). SEC (after linear regression of the molecular mass standards) gave an estimate of approximately 42 kDa ( Figure 1A ), whereas the mass obtained by SAXS was 40.8 kDa. Guinier extrapolation (Supplementary Figure  S1 and Supplementary Online Data at http://www.biochemj. org/bj/450/bj4500095add.htm) guaranteed that the SAXS experiments were conducted with homogeneous and monodisperse samples, validating the subsequent data analyses. Both methods were in good agreement with the mass expected for a monomer, indicating this to be the oligomeric state of SEPT3-GC in solution (Supplementary Figure S1C) . This is consistent with recently described results for SEPT9 which belongs to the same subgroup [61] , and is pertinent to the ITC measurements described below.
Anion-exchange chromatography was used to evaluate whether SEPT3-GC was purified with or without bound nucleotide. The data presented in Figure 1 (B) unambiguously show the protein to be nucleotide free.
Nucleotide hydrolysis and binding by SEPT3-GC
Unlike other septins expressed and purified from heterologous systems, SEPT3-GC was obtained as a stable monomer free of nucleotide, readily allowing the evaluation of its ability to bind and hydrolyse GTP. Despite the fact that this constructs lacks the Nterminal domain, it was used to investigate whether it is competent in binding guanine nucleotides, thus we performed ITC analysis for the direct determination of the thermodynamic parameters that govern both GDP and GTP[S] (a poorly hydrolysable GTP analogue) binding to the protein. The influence of Mg 2 + on the SEPT3-GC affinity for GTP[S] was also investigated by ITC. For this purpose SEPT3-GC was purified in the absence of Mg 2 + , and subsequently titrated with GTP[S] at 20
• C. The thermogram was very similar to that obtained on ligand dilution directly into buffer in the absence of protein, indicating that SEPT3-GC is unable to bind GTP[S] in the absence of Mg 2 + ions ( Figure 1C ). Once the affinity of SEPT3-GC for GTP [S] had been determined, we proceeded to attempt to measure that for GDP in the presence of Mg 2 + . However, unlike GTP[S], complete saturation of the binding sites was not achieved in this case. Owing to its low affinity, the value of K d for GDP binding could not be determined under our experimental conditions.
In order to evaluate whether the binding of GTP[S] promotes SEPT3-GC oligomerization, we incubated protein aliquots with excess nucleotide for 3 h at 20
• C, and performed SEC at various salt concentrations. The elution of apo-SEPT3-GC in its monomeric state was unaffected by the salt concentration within the range of 50-300 mM. However, after incubation with GTP[S], the protein migrates with a progressively increasing molecular mass as the salt concentration is reduced. At 50 mM NaCl, SEPT3-GC migrates with a molecular mass broadly consistent with a dimer (Figure 2 ). At higher salt concentrations the dimer interface is less stable leading to elution profiles consistent with a rapid equilibrium between monomer and dimer SEC was performed on a Superdex200 10/300 GL column using nucleotide-free SEPT3-GC (solid line), and complexed to GTP [S] in the presence of 50 mM NaCl (dashed line) or 300 mM NaCl (dotted line). The first peak corresponds to protein and the second to free nucleotide. AU, absorbance units.
leading to a single peak which migrates with a mean molecular mass of 55 kDa. At 300 mM NaCl this is closer to being that of a monomer. Taken together, the data suggest that dimerization of SEPT3-GC is dependent on both the salt concentration and on the presence of GTP [S] .
We subsequently evaluated the intrinsic GTPase activity of SEPT3-GC. Nucleotide-free SEPT3-GC was incubated with GTP for 2 h at 20
• C, and the conversion of GTP into GDP was monitored by HPLC at different time intervals. As depicted in Supplementary Figure S2 (A) (at http://www.biochemj.org/ bj/450/bj4500095add.htm), SEPT3-GC was efficient in converting GTP into GDP. The SEPT3-GC hydrolytic efficiency was compared with that of a SEPT2-GC construct (residues 34-361) [62, 63] which, similar to full-length SEPT2, is purified as a mixture of dimers and monomers with an overall GDP content of approximately 50 % [63] . On comparing the two preparations SEPT3-GC was observed to be considerably more efficient, hydrolysing all the available GTP in approximately 60 min, whereas SEPT2-GC only hydrolysed 20 % of the available GTP after 2 h of incubation (Supplementary Figure S2B) .
Structural analysis
Crystals of SEPT3-GC bound to GDP belong to space group C222 1 and diffracted to a 2.88 Å resolution. The structure was refined to values of R work and R free of 25.85 % and 27.80 % respectively. The structure contains a G interface dimer in the asymmetric unit, and a filament can be generated by the use of space group symmetry operations, as observed for the SEPT2 and SEPT7 structures bound to GDP [32, 59, 64] . Both monomers in the asymmetric unit show density extending from residue 60 to 329, but several of the internal loops are disordered. In the A subunit these included residues 87-98, 114-117, 129-130, 242-245 and 285 and in the B subunit included residues 87-97, 114, 130, 243-244 and 271-275. The first crystal structure of SEPT3 (indeed, the first of any of the SEPT3 subgroup members) brought to light a number of differences in comparison with other known septin crystal structures. However, due to the limited resolution, some caution must be exerted when analysing the present structure. Figure 3 (A) depicts the crystal structure with the secondary structure elements labelled, and Table 1 presents its refinement statistics. Since convincing electron density in both subunits terminates at residue 329, the C-terminal domain, comprising the final 21 residues, can be said to be disordered with respect to the filament. In describing the structure, residue numbers refer to the full SEPT3 sequence and can be followed by reference to Supplementary Figure S3 (at http://www.biochemj.org/bj/450/bj4500095add.htm).
The nucleotide-binding site
The guanine-nucleotide-binding mode presents many of the interactions observed in the previously disclosed septin structures. As depicted in Figure 3 Figure S4B) . Similar to the SEPT2 structure bound to GppNHp (guanosine 5 -[β,γ -imido]triphosphate), the switch I region is ordered and the Mg 2 + ion appears to be co-ordinated by Thr 102 (switch I), Ser 75 (P-loop) and the β-phosphate. Electron density for three water molecules expected to complete the Mg 2 + co-ordination sphere were present but weak.
His 183 (His 158 in SEPT2) from the adjacent monomer is directed towards the GDP and lies between the α-and β-phosphates, apparently interacting with both. The latter is one of the most curious features of the nucleotide-binding site, since the conformation of this conserved histidine is observed to vary. In the structures of SEPT7 (PDB codes 3T5D and 3TW4) and some subunits of SEPT2 (PDB codes 2QA5 and 2QNR), all of which are bound to GDP, a similar interaction to that described in the present paper is observed. On the other hand, in the complex of SEPT2 with GppNHp, the histidine was observed to interact with the conserved aspartate residue from the switch II region, suggesting it to be a sensor for the discrimination of GDP from GTP. In contrast, one of the previously observed interactions between the neighbouring protomer and the nucleotide in SEPT2 is missing from the present structure, since the side chain of Glu 216 is not observed in the electron density map. The only residue which appears to interact directly with the ribose moiety is Arg 280 . In SEPT3-GC, the side chain of Asp 125 and the main chain of Thr 126 (both from switch II) secure a water molecule that co-ordinates the Mg 2 + ion. Asp 125 also makes a side chain polar contact with Ser 75 of the P-loop (Supplementary Figure  S5 at http://www.biochemj.org/bj/450/bj4500095add.htm). These interactions bring the beginning of the switch II region close to switch I and the P-loop, but none of them had been observed in the previously described structures of SEPT2 or SEPT7 bound to GDP. This is presumably due to the absence of Mg 2 + in those structures and consequently a disordered switch I. On the other hand, all of these interactions are present in the structure of SEPT2 bound to the GTP analogue GppNHp.
Unlike the other septin stuctures bound to GDP, the switch I region of SEPT3-GC is observed to be structurally ordered, at least in part. Unexpectedly, it adopts a conformation very similar to the switch I of SEPT2 bound to GppNHp ( Figure 4A) , with the side chain of Thr 102 probably directly co-ordinating the Mg 2 + ion. The electron density for the ordered region of switch I is depicted in Figure 4(B) . Interestingly, the A subunit of SEPT3-GC presents an additional β-hairpin (β9-β10, residues 268-279) which has also only been observed to date in the SEPT2-GppNHp complex.
The above description suggests that the SEPT3-GC-GDP complex described in the present study more closely resembles that previously observed for SEPT2 in the presence of the GTP analogue. This observation complicates attempts to associate structural changes in septins with the nature of the bound nucleotide and/or the extrapolation from one septin to another. However, it seems clear that the presence of bound Mg 2 + to the GDP complex, as observed for some other small GTPases and the septin-related GIMAP2 protein [65] , is directly related to the ordering of the switch regions.
SEPT3-GC filaments
SEPT3-GC forms filaments within the crystal which can be readily observed on expansion of the crystal lattice. Of particular note is the fact that these linear filaments employ the same G and NC interfaces observed within the SEPT2-SEPT6-SEPT7 heterocomplex [32] . Indeed, this is a recurrent theme since all known crystal structures of individual GTPbinding domains of septins show similar filaments, with the exception of SEPT2G bound to the GTP analogue mentioned above (PDB code 3FTQ). This has given rise to the concept of promiscuous interactions which may be used by a single septin to form interfaces in the absence of a more appropriate binding partner. As depicted in Supplementary Figure S6 (at http://www.biochemj.org/bj/450/bj4500095add.htm), in the case of SEPT3-GC, these filaments are shorter in length than all the other reported structures. For the most part, this contraction appears to be a reflection of changes observed at the NC interface as described below.
Interactions between protomers
The G and NC interfaces alternate along the filament. At the G interface, in addition to the contact made by His 183 , further new contacts between monomers are observed, particularly in the switch II region, as depicted in Figure 5 (A). In comparison with SEPT2 bound to GppNHp, the beginning of helix α2 is delayed by more than one helical turn and the switch II region has a completely different conformation. This unusual conformation seen in SEPT3-GC presents a pair of β-sheet widepair hydrogen bonds between Ile 133 and Asn 135 of the neighbouring subunit. This interaction is reinforced by side-chain interactions involving Asn 134 from both protomers and by Ile 133 , which makes hydrophobic contact with Pro 187 and Leu 188 from the neighbouring subunit. Two independent crystal structures of SEPT7 bound to GDP revealed that switch II in both cases is also observed in a similar conformation, as shown in Supplementary Figure S7 (at http://www.biochemj.org/bj/450/bj4500095add.htm).
In structural terms, SEPT2 is the most widely studied and has been solved bound to GDP, GppNHp, and also as part of a heterocomplex with SEPT6 and SEPT7. The NC interface of SEPT2G bound to GDP (PDB code 2QNR, Figure 5C ) is characterized by a complex network of polar interactions between the side chains of Glu 133 , Glu 297 and Arg 138 , whereas the side chain of Arg 300 lies stacked over Arg 138 , allowing it to be positioned in the direction of the negative terminus of the dipole associated with helix α2. Particularly noticeable are the symmetric salt bridges involving Glu 133 of one subunit and Arg 138 of the other ( Figure 5C ). Further interactions include the participation of Leu 136 , which packs against the surface of the α6 helix between Leu 304 , Lys 305 and Ser 301 . These interactions allow SEPT2G to form a wide NC interface with the α6 helices being more than 17 Å apart at their closest point. A similar separation is observed between the α6 helices at the NC interface made by SEPT6 and SEPT7 of the SEPT2-SEPT6-SEPT7 heterofilament. Interestingly, similar interactions are also observed at the NC interface of the SEPT7G filament (PDB code 3T5D) despite this interface being considered promiscuous.
None of the polar contacts between monomers present at the NC interface of SEPT2 are observed in the structure of SEPT3-GC bound to GDP ( Figure 5D ). The symmetric salt bridges are lacking and many of the polar interactions observed are mediated by the loop connecting helix α2 to strand β4, which makes extensive contacts with the neighbouring SEPT3-GC monomer by wrapping around the α6 helix. , which no longer aligns with the helix dipole. As a consequence of these interactions the subunits are shifted towards one another generating a narrower NC interface with respect to SEPT2. Consequently the α6 helices are roughly 5 Å closer to one another, whereas the α2 helices are shifted slightly further apart.
Despite the similarities with the structure of the SEPT2-GppNHp complex described above, β-strands 1, 2 and 3 do not extend over the NC interface as observed in the latter. In fact the electron density in this region is poor, suggestive of considerable flexibility. This difference is probably critical for permitting the formation of filaments within the crystal structure of SEPT3-GC as it has been pointed out that the extension to the β-strands and their reorientation in the complex with the GTP analogue would lead to steric hindrance at the NC interface [20] .
In SEPT3-GC helix α5 (residues 246-258) occupies a novel position, and this structural change appears to be triggered by two residues conserved only in members of the SEPT3 subgroup, Pro 237 and Gln 238 , both located in the loop connecting helix α4 to α5 . The presence of Pro 237 changes the direction of the loop upwards allowing Glu 240 to form a salt bridge with Arg 162 from the other protomer as described above ( Figure 5B ). Thus the alterations to the salt bridges at the NC interface described above appear to be coupled to the re-orientation of helix α5 . Furthermore, we can speculate that Arg 255 and Arg 225 assist in bringing helix α5 closer to its preceding loop, whereas Phe 241 makes hydrophobic contacts with Val 315 and Ile 319 . Whatever the exact nature of the interactions involved, whose description is limited by the resolution of the structure, it is worthy of mention that Phe 241 and Arg 255 are unique to the SEPT3 family. As a result of these new interactions, helix α5 of SEPT3 is tilted by an angle of roughly 40
• when compared with SEPT2 ( Figure 5B and Supplementary Figure S8 at http://www.biochemj.org/bj/450/bj4500095add.htm).
DISCUSSION
In the present study the GTP-binding and hydrolytic properties of SEPT3 were evaluated and characterized for the first time and analysed in the light of the first X-ray structure of a SEPT3 group member. The molecular masses calculated for SEPT3-GC from SEC (42 kDa) and SAXS measurements (40.8 kDa) (Supplementary Figure S1) indicate that the protein is monomeric in solution, despite yielding values slightly above that expected (36 kDa). Furthermore, the molecular envelope calculated from the X-ray scattering data can be made totally consistent with the structure of a monomer from our crystal structure if the C-terminal domain extends out into the solvent as the modelling suggests (Supplementary Figure S1C) . This ellipsoidal shape may explain why the molecular masses cited above are slight overestimates. Therefore, SEPT3-GC was purified with no bound nucleotide ( Figure 1B) indicating that, under the conditions used in the present study, it is a nucleotide-free monomer in solution, thus differing from human SEPT4, SEPT7 and SEPT2. These were all purified bound to guanine nucleotides, the former two in the form of dimers and the latter as a variable mixture of monomers and dimers depending on conditions [32, 59, 60] .
Although SEPT3-GC is unusual in purifying as a nucleotidefree monomer, on reducing the salt concentration in the presence of GTP[S], SEPT3-GC appears to undergo dimerization. It is well known that some septin-septin interfaces are unstable at high salt concentrations and that treatment of nucleotide-bearing SEPT2 and SEPT7 with alkaline phosphatase converts dimers into monomers. This suggests that the formation of dimers is a function of both salt concentration and nucleotide. In the case of SEPT3-GC, the need for GTP [S] in order to undergo dimerization at low salt concentration indicates that it is the G-interface which is responsible for dimer formation. This was demonstrated experimentally by mutating residues at both of the potential dimerization interfaces. SEPT-GC H317E and R162E, which participate in the NC interface, had no change in their dimerization behaviour in the presence of GTP[S] (Supplementary Figure S9 at http://www.biochemj.org/bj/450/bj4500095add.htm). On the other hand, one of the G-interface mutants, S179D, completely eliminated this behaviour, demonstrating that it is this interface which stabilizes the dimer in the presence of GTP [S] . This is the dimer observed in the asymmetric unit of the crystal structure reported in the present study. The G-interface shows notable similarities with the crystal structure of SEPT7 bound to GDP, particularly the involvement of the switch II region (Supplementary Figure S7) . However, even at 100 mM NaCl SEPT7 persists as a dimer, whereas SEPT3-GC under these conditions migrates on gel filtration as a mixture of monomers and dimers. It is important to investigate the structural basis of these differences, as a better understanding of septin interfaces will clearly be crucial to comprehend filament assembly. Owing to their similarities in the switch II region and the presence of a histidine residue contacting the nucleotide of the adjacent monomer at the G interface of GDP-bound complexes, our attention turned to the region formed by the β-strands β7 and β8. This region from the two subunits in SEPT3 shows noticeably less overlap with respect to SEPT7 and SEPT2 (Supplementary Figure  S10 at http://www.biochemj.org/bj/450/bj4500095add.htm). This appears to be a consequence of the absence of a tyrosine residue that is present in all human septins, with the exception of the septin 3 subgroup. In the structures of both SEPT7 (PDB code 3T5D) and SEPT2, this tyrosine residue (Tyr 248 and Tyr 258 respectively) is part of a hydrophobic cluster together with Pro 249 , Trp 250 and Ala 253 , and its hydroxy group appears to interact directly with the nucleotide, the aspartate from the AKAD (G4) sequence and the only conserved arginine of the septin unique element (Arg 256 in SEPT2), which itself stacks over the guanine base (Supplementary Figures S11A and S11B at http://www.biochemj.org/bj/450/bj4500095add.htm). Additionally, in SEPT7 (PDB code 3T5D), Tyr 248 interacts with the main chain carbonyl of Asp 178 and Thr 179 of the adjacent monomer, directly assisting in the stability of the G interface (Supplementary Figure S11B) . In SEPT3, Thr 282 occupies the position of this tyrosine, and appears not to be involved in specific interactions (Supplementary Figure S11C) . In fact, this region presents poor electron density in the SEPT3-GC structure described in the present study and the characteristic β7 and β8 strands cannot be readily identified. SEC using the mutant T282Y shows that mutating this threonine residue to tyrosine leads to dimerization of SEPT3-GC (Supplementary Figure S11D) . Since this tyrosine residue is also substituted by threonine only in SEPT9 and SEPT12, this may be a general feature of the SEPT3 subgroup members which distinguishes them from the remainder and is consistent with the recent observation of monomers of SEPT9 [61] .
Obtaining SEPT3-GC in its nucleotide-free monomeric state was important for the evaluation of its affinity for guanine nucleotides. The dissociation constant of 5.43 μM obtained for GTP [S] in the presence of Mg 2 + ions is very close to the K d values obtained by ITC for yeast septin complexes (5.6 μM, 5.9 μM and 6.2 μM), whose stoichiometry indicated that only one molecule of septin in each complex was bound to a molecule of GTP[S] [66] . However, the K d value obtained by ITC for SEPT3-GC was approximately 20-fold higher than the K d value for human SEPT2 calculated by a filter-binding assay [63] . We were unable to obtain an equivalent value for the binding of GDP owing to its lower affinity and consequent lack of saturation behaviour during ITC titration.
Similar to other septins and GTPases, the affinity of SEPT3-GC for GTP is dependent upon the Mg 2 + concentration, being completely abolished in the absence of this ion ( Figure 1C ). Different behaviours have been described concerning the influence of Mg 2 + on nucleotide binding to GTPases. For example, the affinity of the Rho GTPase family for GTP [S] was only slightly altered by the absence of Mg 2 + ions [67] . On the other hand, the K d values for human SEPT2 increased approximately 12-fold (from 0.28 μM to 3.37 μM) when the concentration of Mg 2 + was reduced from 5 to 0.01 mM [63] . In the case of SEPT3-GC, the intimate relationship between the GDP and Mg 2 + bound to the protein in the crystal structure readily explain our observations. SEPT3-GC was more effective than SEPT2 in the conversion of GTP into GDP, which may have been favoured by its monomeric state and its lower affinity for GDP in the presence of buffer containing 300 mM NaCl. Additionally, when compared with SEPT2, SEPT3-GC presents a lower affinity for GTP[S] [63] , but a higher rate of hydrolysis (Supplementary Figure S2) . Most residues contacting the nucleotide in SEPT3-GC are conserved, rendering the understanding of the structural determinants of the GTPase activity of septins a challenge. The most straightforward explanation for our observations is the monomeric state in solution. Nucleotide release may be favoured in the monomer when compared with dimeric septins, since in the latter the guanine nucleotide is mostly buried and inaccessible to solvent.
A structural feature well documented for septins is their ability to form homo-and hetero-oligomers and to assemble into heterofilaments. The rules that govern assembly are a current topic of intense research. The proposal that any septin can replaced by another from the same subgroup at a given position within a heterofilament [24] illustrates the complexity of septinseptin interactions. Understanding the molecular determinants of correct filament assembly is further compounded by the recurrent appearance of homofilaments presenting both the G and NC interfaces in crystal structures of the GTP-binding domains of single septins. This has been observed for SEPT2 and SEPT7 [32, 59, 64] and is reported in the present study for the SEPT3-GC construct, strengthening the idea of promiscuity in filament formation. All of these constructs lack the coiled-coil region present within the C-terminal domain of most septins (with the exception of the SEPT3 subgroup) and ongoing research suggests that the C-terminal coiled-coils could be at least partly responsible for correct filament assembly [29] .
Given that the only known crystal structure of a heterocomplex is that of SEPT2-SEPT6-SEPT7, it is difficult to predict where the SEPT3 subgroup of septins will fit into the overall picture and therefore which of the two interfaces observed in the crystal structure are relevant to physiological filament formation. There are several novel features at both the G and NC interfaces as described above. For example, as a result of the re-orientation of the α5 helix in the direction of the NC interface (Supplementary Figure S8) coming from different protomers lie close to each other near the NC interface and may be important components of the interface which have not been described previously.
Although the differences described above are of interest, some caution should be exercised in their interpretation, because the SEPT3-GC construct used in the present study lacks the α0 helix which normally forms part of the NC interface. However, a SEPT2 construct lacking this region (PDB code 2QNR) preserves the original interface, suggesting that its absence in SEPT3-GC is probably not critical and the description of the interface given in the present study is probably largely a true reflection of its nature.
The relative paucity of detailed information concerning SEPT3 is possibly related to its limited tissue expression profile, being effectively limited to the CNS. Nevertheless, special interest in the SEPT3 subgroup has been rekindled recently as a result of a series of studies suggesting that SEPT9 (a SEPT3 subgroup member) participates in the assembly of septin filaments on the basis of octamers [34] [35] [36] [37] , rather than the hexamers observed in vitro and resolved by crystallography [32, 41] . Sequence comparison indicates that SEPT3 and SEPT9 share a very high level of residue conservation, including all of those labelled in Figures 3(B) , 4 and 5(A) . In all of the octameric models proposed in recent publications, SEPT9 occupies the terminal position [34] [35] [36] [37] . In so doing, the homotypic G interface between two SEPT7 proteins is eliminated. In this respect it is interestingly to note that SEPT7-SEPT7 interactions were not detected in either of the two recent yeast two-hybrid studies [36, 37] . SEPT9 would be expected to form a heterotypic G interface with SEPT7 within the octamer and a homotypic NC interface on polymerization. This possibility highlights the potential importance of the interactions at the NC interface described above. Interestingly however, in isolation SEPT3 tends to associate into dimers via its G interface and in this context it is worth mentioning that it has been recently suggested that the formation of G interfaces may precede those of NC interfaces during filament formation [68] .
Taken together, our results represent a step forward in the understanding of septin activity and assembly. In describing the first crystal structure of a SEPT3 subgroup member we provide a missing link since at least one structure is now available for all four of the subgroups. If human septin filaments on the basis of octamers do indeed exist, as appears to be the case [34, 35] , then it may also be a missing link in a second sense of the word: by providing, at least for some heteropolymeric filaments, the terminal protomer responsible for connecting one octamer to the next during polymerization.
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MATERIALS AND METHODS
Loop and C-terminal modelling
For the purposes of fitting the experimental SAXS data and the consequent molecular envelope, regions lacking significant electron density in the SEPT3-GC crystal structure were modelled in order to reconstitute the complete molecule. A total of 5000 molecular models were built and the C-terminus and the missing loops were ab initio modelled using the knowledge-based centroid energy function implemented in the program Rosetta [1] . Cluster analyses based on overall C α positions and energy scores were applied to identify the best representative conformer in agreement with the SEPT3-GC SAXS data.
SAXS analyses
SAXS was employed to determine the SEPT3-GC molecular mass, oligomerization state and molecular envelope in solution. Guinier extrapolation showed that the SEPT3-GC sample was monodisperse, as attested by the linearity of the curves at very low angles. The derived Guinier radius of the particle was 25.3 + − 0.4 Å and the corresponding linear correlation coefficient was 0.998. Comparison between the experimental and theoretical scattering curves, the latter calculated directly from the SEPT3-GC crystal structure, revealed a χ 2 of 11.3. The SEPT3-GC SAXS data, however, were collected on an arbitrary scale so that the comparison between theoretical and experimental scattering curves is better achieved with a complete SEPT3-GC model. Cluster analyses over the 5000 SEPT3-GC models resulted in 27 clusters. Both the isolated clusters (less than two members) and those in which the SEPT3-GC C-terminal domain position was incompatible with the crystal structure were discarded. The remaining ten most populated clusters were sorted by energy score and compared with the SEPT3-GC SAXS data. Three out of the five models which provided the best agreement to the experimental data belonged to the same cluster, and the lowest energy model yielded a χ 2 of 2.6. Figures S1(A) and S1(B) presents the superimposition of the experimental SAXS curve and those calculated from the SEPT3-GC crystal structure and the SEPT3-GC completed model. In reciprocal space, both curves superimpose very well for medium and higher angles. In the very low angle regimen, however, the SEPT3-GC model outperforms the crystal structure. The P(r) overall profile of SEPT3-GC is asymmetric with respect to its maximum, which is compatible with a slightly prolate ellipsoid particle ( Figure S1C ). The derived radius of gyration (R g ) and maximum dimension (D max ) of SEPT3-GC in solution are 24.5 + − 0.1 Å and 79 Å respectively. SEPT3-GC shape restorations were conducted with P1 symmetry, since higher order restraints neither improve the χ 2 fit between the theoretical and experimental scattering profiles nor stabilized the normalized standard discrepancies. The resulting ab initio models yielded very similar physical parameters. A total of 20 independent reconstructions were averaged and filtered with the program DAMAVER [2] . The good correspondence between the structure including the modelled C-terminus and loops and the SAXS envelope can be observed in Figure S1C . Finally, the SAXS molecular mass estimation for SEPT3-GC is 40.8 kDa.
The SEPT3-GC Guinier extrapolation ensures that the SAXS experiments were conducted with homogeneous and monodisperse samples, validating the subsequent data analyses. The experimental SEPT3-GC physical parameters obtained in solution are in very good agreement with those calculated from the model based on the SEPT3-GC crystal structure. The SEPT3-GC R g value obtained from Guinier and from the regularization criteria differed by only 3 %. The superimposition between the experimental and calculated SEPT3-GC scattering curves is satisfactory. However, in real space an exact match between calculated and experimental P(r) functions for any model in solution is unlikely. On the other hand, the superimposition between the SEPT3-GC experimental and calculated P(r) functions showed better results for the complete model. As depicted in Figure S1 (C), the averaged SEPT3-GC particle shape is a slightly prolate ellipsoid. The SAXS molecular mass estimation, performed in solution, revealed a good agreement with the mass expected for a monomeric arrangement (relative error of 13%). Therefore the oligomerization state of SEPT3-GC under these conditions and those used for ITC experiments is monomeric. In addition, the molecular modelling strategy applied to the SEPT3-GC C-terminus and internal loops improved the χ 2 between the theoretical and experimental scattering profiles as mentioned above. The best agreement model with the scattering solution suggests that SEPT3-GC C-terminus is not laid over the surface of the protein, but points out towards the solvent. The sequence numbers refer to SEPT3, and the alignment is limited to the GTP-binding domain which is ordered in the structure reported in the present study. Conserved residues are boxed and the amino acids have been colour coded according to their physico-chemical properties. The side chain of Asp 125 and the main chain of Thr 126 in SEPT3, and their equivalent in SEPT2, hydrogen bond a water molecule that co-ordinates the Mg 2 + ion. Asp 125 also make a side chain polar contact to Ser 75 . These interactions bring the beginning of the switch II closer to the switch I and the P-loop, and none of these interactions are observed in the other structures of SEPT2 or SEPT7 bound to GDP (PDB codes 2QNR and 3T5D). (A) SEPT2 bound to GppNHp is coloured in dark red. (B) SEPT3-GC bound to GDP is coloured in dark green. The conserved Gly 128 does not interact with the nucleotide. Switch I is coloured in blue and switch II is coloured in magenta. The β-strands β1, β4 and β5 are labelled. The Mg 2 + ion is shown as a green sphere, and the red spheres represent water molecules. The nucleotide is coloured in dark grey. The polar contacts are represented as yellow dashes, and polar contacts representing the co-ordination of the Mg 2 + ion are coloured in green. Interacting residues are shown as sticks and labelled. For the sake of clarity the side chains of some of the labelled residues are not shown, and Ser 75 is shown, but not labelled for clarity. PDB codes 3FTQ and 3SOP. The structures of SEPT2 (PDB code 2QNR, black and grey), SEPT3-GC (shades of green) and SEPT7 (PDB code 3T5D, shades of yellow) were superimposed, and the β7 and β8 strands are labelled. The solid triangles and dashed lines are coloured using the same colour code used for the septin structures, and can be used as a reference. Owing to the poor electron density for SEPT3-GC in this area some residues are not observed, indicating disorder. 
